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Abstract 
Background: Understanding the extracellular electron transport pathways in cyanobacteria is a major factor towards 
developing biophotovoltaics. Stressing cyanobacteria cells environmentally and then probing changes in physiology 
or metabolism following a significant change in electron transfer rates is a common approach for investigating the 
electron path from cell to electrode. However, such studies have not explored how the cells’ concurrent morphologi-
cal adaptations to the applied stresses affect electron transfer rates. In this paper, we establish a ratio to quantify this 
effect in mediated systems and apply it to Synechococcus elongatus sp. PCC7942 cells grown under different nutri-
tional regimes.
Results: The results provide evidence that wider and longer cells with larger surface areas have faster mediated elec-
tron transfer rates. For rod-shaped cells, increase in cell area as a result of cell elongation more than compensates for 
the associated decline in mass transfer coefficients, resulting in faster electron transfer. In addition, the results demon-
strate that the extent to which morphological adaptations account for the changes in electron transfer rates changes 
over the bacterial growth cycle, such that investigations probing physiological and metabolic changes are meaningful 
only at certain time periods.
Conclusion: A simple ratio for quantitatively evaluating the effects of cell morphology adaptations on electron trans-
fer rates has been defined. Furthermore, the study points to engineering cell shape, either via environmental condi-
tioning or genetic engineering, as a potential strategy for improving the performance of biophotovoltaic devices.
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Background
Biophotovoltaics (BPVs) promise a low-cost sustain-
able pathway for wastewater bioremediation with on-
demand electricity or chemicals production. This is 
achieved by employing exoelectrogenic photosynthetic 
microorganisms requiring solar radiation and nutrients 
such as nitrates and phosphates that can be derived from 
wastewater. Electrical current generation in cellular BPVs 
has been demonstrated using various oxygenic photosyn-
thetic microorganisms including eukaryotic microalgae 
such as Chlorella vulgaris [1, 2] and Chlamydomonas 
reinhardtii [3–5] as well as marine and fresh water spe-
cies of prokaryotic cyanobacteria such as Arthrospira 
maxima [6], Synechocystis sp. PCC6803 [7–16] and Syne-
chococcus sp. PCC7942 [17–19]. Sustainable technologies 
that integrate into current wastewater treatment systems 
are vital for meeting the policy demands of global climate 
change objectives. Key to delivering BPVs is understand-
ing the electron transfer from the microorganisms to 
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electrodes. This remains a major limiting factor for device 
performance. Two dominant schools of thought exist for 
the final transfer of electrons from the cyanobacteria cell 
membrane to electrodes which can be categorised as 
mediated (via an electron shuttle) or unmediated (direct) 
transfer. Furthermore, there is experimental evidence of 
both mechanisms occurring simultaneously [16].
Putative unmediated pathways found in literature are 
(1) an outer membrane c-type cytochrome (Omc) in 
direct contact with the anode; and (2) electrically con-
ductive extracellular appendages (nanowires) that extend 
beyond the cell outer membrane in direct contact with 
the anode [13, 20, 21]. Mediated electron transport 
(Fig. 1) has been proposed to be via an unknown endog-
enous electron mediator that is released and then oxi-
dised at the anode [15]. The mediator may or may not 
undergo redox cycling by re-entering the cell where it is 
reduced and then rereleased. In addition, non-lipid-sol-
uble exogenous electron mediators (EEMs) such as ferri-
cyanide ( [Fe(CN)6]3− ) have been used to achieve higher 
power densities in BPVs. These mediators can penetrate 
the outer membrane into the periplasmic space, but can-
not cross the plasma membrane into the cytoplasm, and 
thus intercept electrons in the cell’s periplasmic region 
or outer membrane [1, 14]. Mediated electron transport 
introduces mass transfer phenomena to BPV systems 
which are known to limit the power output of electro-
chemical power devices such as fuel cells and batteries.
Stressing cyanobacteria cells by varying environmen-
tal conditions such as nutrient availability could be a 
way researchers employ to gain insight into the extra-
cellular electron transport (EET) mechanisms in exo-
electrogenic microorganisms. Notably, three studies have 
taken this approach: (1) starving Synechococcus elongatus 
sp. PCC7942 from iron increase EET rates; (2) feeding 
Synechocystis sp. PCC6803 with glucose, a carbon-fixed 
carbohydrate, increases EET rates; and (3) growing fresh-
water Synechocystis sp. PCC6803 in high-salt medium 
increase EET rates [10, 15, 19]. However, understanding 
of the reasons why remains poor. Most discussions have 
been speculative, with a focus on linking the observed 
changes in EET rates to changes in the photosynthetic 
and/or respiratory machinery or expression of redox pro-
teins and ion channels on cell membranes in response to 
the environmental conditions.
One area that has been largely unexplored in BPV 
research is how the morphological changes known to 
occur to cells in response to environmental stimuli affect 
the mass transfer properties of the system and, therefore, 
the overall EET rates. In addition to changing their physi-
ology, metabolism, and biochemistry, cyanobacteria also 
modify morphology to adapt to changing environments, 
cope with stresses, and maximise utilisation of available 
resources [22]. Environmental factors known to affect 
cyanobacteria cell morphology include availability of 
nutrients (carbon, phosphorus, nitrogen and iron), light 
quality and colour, and stresses (temperature, oxidative, 
osmotic and pH) [22–24]. The shape of prokaryotic cells 
is thought to be driven predominantly by the need to 
increase diffusional efficiency. Diffusion is the fundamen-
tal mechanism by which prokaryotic cells bring the nutri-
ents they need for sustenance to their cell surfaces as well 
as move nutrients and macromolecules intracellularly 
within their cytoplasms [24]. In particular, prokaryotic 
cells adapt to maximise their available surface-to-volume 
ratio. By doing so, the cells maximise the available sur-
face area into which they can insert nutrient transport-
ers, while minimising the volume of cytoplasm that each 
transporter must supply [24]. Thus, cells in low-nutrient 
environments typically have higher surface-to-volume 
ratios compared to cells with ready access to nutrients. 
For prokaryotes that obtain nutrients by direct contact 
with a solid body (e.g. cells growing in a biofilm rather 
than in suspension), it has been shown that cells filament 
(elongate) to increase the cell surface area in direct con-
tact with the solid for faster nutrient uptake [24, 25].
Theoretically then, it appears that there is a synergistic 
relationship between morphological adaptation of cells to 
stressing conditions, and maximisation of electron trans-
fer from cell to electrodes in BPV systems, either by dif-
fusion or direct contact. However, without understanding 
the effects of morphological adaptations, it becomes 
difficult to discern to what extent measured changes in 
EET rates following exposure to environmental stimuli 
are attributable to physiological or metabolic changes 
occurring within the EET pathway, versus attributable to 
changes in morphology dependent mass transfer proper-
ties affecting extra- or intra-cellular diffusion rates. This 
Fig. 1 Schematic of exogenous or endogenously mediated 
extracellular electron transport. Mediators (M) diffuse through a 
boundary layer from the well-mixed bulk fluid to the cell surface of 
the cyanobacterium with projected length L and width D 
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limits our progress in understanding the complex EET 
pathways in cyanobacteria.
In this work, a novel method for quantifying the contri-
bution of changes in morphology to the observed diver-
gence in EET rates following exposure to environmental 
stimuli is developed. The method is demonstrated by 
quantifying to what extent morphological differences 
account for deviations in EET rates observed between 
Synechococcus elongatus sp. PCC7942 (PCC7942 hence 
forth) cells from nutritionally replete and nutritionally 
limited cultures.
Overview of proposed method
Ferricyanide ( [Fe(CN)6]3− ) reduction rate is a common 
measure for the EET capacity of cyanobacteria. The mol-
ecule cannot penetrate lipid-membranes thus cyanobac-
teria reduce ferricyanide either on the outer membrane 
or in the periplasmic space after the molecule crosses 
the outer membrane [19, 26]. While the site of reduction 
of ferricyanide in cyanobacteria is still unknown, recent 
cyclic voltammetry work on iron-starved PCC7942 bio-
films presented evidence of redox active proteins at the 
outer membrane level [19]. Furthermore, ferricyanide 
reduction rates are observed to increase when redox pro-
teins are genetically engineered into the outer membrane 
of PCC7942 cells [27]. Based on these studies, the pro-
posed method is developed with the assumption that the 
reduction site is on the outer membrane. The approach 
may still be valid when the reduction site is thought to be 
at the plasma membrane if it is reasonable to assume that 
the rate at which ferricyanide crosses the outer mem-
brane into the periplasmic space is significantly faster 
than the rate of transport of the molecule from the bulk 
liquid to the outer membrane surface. If this cannot be 
assumed, then internal diffusion restrictions apply, and a 
more complex analysis is required which is not covered 
in this paper.
Ferricyanide assays take advantage of the fact that once 
reduced to ferrocyanide ( [Fe(CN)6]4− ), the molecule 
does not release free Fe(II) which can be assimilated by 
the cells [2]. This allows the total reduction rate to be 
quantified by following the disappearance of [Fe(CN)6]3− 
or formation of [Fe(CN)6]4− spectrophotometrically [2].
In addition, the reduction reaction is mass transfer lim-
ited when there is an excess of cells for a given concen-
tration of ferricyanide (see Ferricyanide assay in Methods 
for a review of reported mass transfer-limiting combi-
nations of cell and ferricyanide concentrations for two 
species of cyanobacteria and algae) [28]. In mass transfer-
controlled heterogenous catalytic surface reactions, the 
reaction rate is equivalent to the external mass transfer 
rate to the catalytic surface [29]. Under these conditions, 
the ferricyanide reduction rate (r) can be described using 
Fick’s law of diffusion, Eq. 1:
where k is the mass transfer coefficient, A is the geo-
metric outer membrane or plasma membrane area as 
appropriate, and [Fe3+]b and [Fe3+]s are the bulk and 
cell surface concentrations of ferricyanide, respectively. 
Higher reaction rates can be achieved by improving mass 
transport of the reactant between the cell surface and 
bulk solution [29].
Consider two cell cultures exposed to different envi-
ronmental stimuli. Equation  1 enables differences in 
the morphology dependent properties (k and A) of cells 
from the two cultures to be quantitatively compared 
against differences in their EET capacity (r). This quanti-
tative analysis may yield insights into the contribution of 
environmentally induced morphological changes to the 
measured deviations in mediated EET capacity.
To obtain the data necessary to perform the quantita-
tive analysis, the following algorithm is proposed: 
1. Identify from the literature or experimentation the 
cell and ferricyanide concentration combination for 
mass transfer limiting ferricyanide reduction.
2. Image cells using confocal microscopy to obtain pro-
jected cell dimensions.
3. Perform ferricyanide assays under mass transfer lim-
iting conditions to estimate cell EET capacity.
4. Use a suitable stereological model to evaluate rele-
vant 2D and 3D properties, namely the geometric cell 
surface area and cell volume, from the projected cell 
dimensions.
5. Use a suitable mass transfer correlation from litera-
ture to evaluate the mass transfer coefficient.
6. Evaluate the mediator concentration differ-
ence between the bulk fluid and the cell surface 
([Fe3+]b − [Fe
3+]s) using Eq. 1.
Results
Characterisation of cultures
Growth rates
Cell concentration was measured every two days and the 
Gompertz bacterial growth model fit to the concentra-
tion profiles to estimate the specific growth rate ( µmax ), 
lag time (  ) and the maximal log of the relative cell num-
ber ( A = ln[N∞/N0] ) [30]. See Fig. S1, Additional file  1 
for growth curves. The estimated values of  have large 
uncertainties for all growth conditions studied. This is 
because lag times are in the order of hours, whilst meas-
urements were taken at a frequency of every 1–2 days, 
(1)r = k · A · ([Fe3+]b − [Fe3+]s),
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thereby losing the resolution required for more precise 
 estimates. Following the lag phase, the control cultures 
were in exponential growth until approximately day 11, 
with a µmax of 0.55± 0.06 day−1 (doubling time of 13 h) 
for the first 3  days under continuous light, and a µmax 
of 0.20± 0.03 day−1 (doubling time of 36  h) following a 
change to a 12:12 light–dark cycle. The control cultures 
then entered the decline phase for the rest of the experi-
ment. In comparison, PCC7942 cells grown under con-
tinuous light with an intensity of 70 μmol m−2 s−1 (3x the 
light intensity used in this study) have a reported dou-
bling time of 8.7 ± 0.7  h [31]. After the lag phase, the 
continuously diluted cultures were maintained in expo-
nential growth for the remainder of the experiment at an 
average µ of 0.36± 0.01 day−1 (average doubling time of 
20  h) following the change to a 12:12 light–dark cycle. 
An average doubling time of 10.3 h has been reported for 
continuously diluted PCC7942 cultures under continu-
ous light of intensity 125 μmol m−2 s−1 [32].
Projected cell dimensions and stereological properties
Cell lengths and widths were probed using confocal 
imagery every 4 days prior to conducting ferricyanide 
assays (see Figs. S2–S5, Additional file  1 for exam-
ple confocal images obtained). Figure  2a shows the 
mean length profiles of cells in the two growth condi-
tions (width profiles not shown). Histograms of the cell 
length distributions from day 1 onwards can be found 
in Fig. S6, Additional file 1 for both growth conditions. 
Histograms from day 1 indicate that as cells exited the 
lag phase, their morphology was more representative 
of conditions in the stock culture rather than cells in 
their new environments. Both cultures exhibited elon-
gated cells with mean lengths of about 5.7 μm, indi-
cating adaptation to the nutrient-depleted stationary 
phase stock culture. Upon entering the exponential 
phase, mean cell length for the continuously diluted 
cultures fluctuated about an average of 3.7 ± 0.3 μm for 
the remainder of the experiment. The fluctuations are 
Fig. 2 Projected dimensions and stereological properties. a Mean cell length (mean of sampling distribution of the mean, µx̄ ) profiles. Error bars 
show standard deviation of the sampling distribution of the mean. Means and standard deviations are weighted by sample size. A two-tailed 
Student’s t test at 5% significance was used for pairwise comparison of cell lengths. Significant p-values (above data points) are asterisked. The 
red trend line is to guide the eye and is not a regression model. The black trend line and black dotted lines show the average cell length over the 
duration of the experiment for the cells in the continuously diluted cultures ± 1 SEM, respectively. b PCC7942 cell width vs. cell length. c PCC7942 
cell area vs. cell length. d PCC7942 cell surface-to-volume ratio vs. cell length. Plots b, c and d were plotted using data collected over the duration of 
the experiment from 2973 and 3636 cells from the continuously diluted and control cultures, respectively. The data were discretised by cell length 
into bins of 0.4 μm wide. Mean values were calculated from bins with at least 50 data points to produce the plot. Solid lines are regression models 
and dotted lines are 95% confidence bounds
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attributed to batch-to-batch variation during sampling 
for imaging rather than a statistically significant differ-
ence in cell length. Control cultures in the exponen-
tial phase of growth (days 5 and 9) had the same mean 
cell length as the continuously diluted cultures within 
experimental uncertainty, but cells began to elongate 
when the cultures transitioned to the decline phase 
(day 11 onwards). The cells elongated by approximately 
1.0± 0.3 μm on average between days 13 and 21.
All the cell length and width data collected over the 
21-day period were further analysed to develop regres-
sion models relating cell length to cell width (Fig. 2b), 
cell geometric surface area (Fig. 2c), and cell surface-to-
volume ratio (Fig.  2d). The latter two properties were 
evaluated for each cell using a rod-shaped model of 
the cyanobacterium (Eqs. 5 and 6 in Methods). Data of 
2973 and 3636 cells from the continuously diluted and 
control cultures, respectively were used to generate the 
regression curves. The regression models were then 
used to estimate the mean cell area (Fig. 3b) and mean 
surface-to-volume ratios (Fig. 3c) from the cell lengths 
measured prior to each ferricyanide assay. The advan-
tage of this approach is to reduce the error in the esti-
mate of the population means for each property.
Under both growth conditions, cell width was found to 
increase with cell length. However, for cells in the approx-
imately 3–7 μm range, increase in cell width was found to 
be minimal ( ≤ 0.2 μm), corroborating that PCC7942 cells 
increase volume mainly by increasing pole-to-pole length 
[33]. In addition, this confirms that cell length should be 
used as the characteristic dimension for the evaluation 
of the mass transfer coefficient. Cells in the nutritionally 
replete continuously diluted cultures were 8–9% wider. 
As a result, the cells had larger surface areas but smaller 
surface-to-volume ratios at all cell lengths.
Quantifying the effect of morphological changes on EET 
rates
Ferricyanide reduction rates (r)
Ferricyanide assays were conducted every 4 days upon 
the cultures entering the exponential phase of growth, 
when cells had fully acclimated to their new environ-
ment. For the continuously diluted cultures, ferricyanide 
reduction rates increased gradually before reaching an 
apparent plateau of about 3.5 · 10−20  mol  cell−1  s−1 on 
day 13 and were consistently higher vs. control on days 
5, 9, 13 and 17 (Fig.  3). Reduction rates in the control 
cultures increased more slowly over the duration of the 
experiment, reaching the same level as that of continu-
ously diluted cultures by day 21. The maximum reduc-
tion rates recorded are an order of magnitude lower than 
those of the highly exoelectrogenic microalgae Chlorella 
vulgaris, which has a reported mass transport limited 
reduction rate of 8.3 · 10−19  mol  cell−1  s−1 in the dark 
(converted from 3 nmol (106 cells−1) h−1) using 1 mM fer-
ricyanide and 1.4 · 108 cells  ml−1 [2].
The reduction rates were also normalised by chloro-
phyll a content (see Fig. S7, Additional file  1) to com-
pare to values reported in literature for PCC7942. The 
reduction rates for the control culture increased from 
73.5 pMnM−1ChlA min
−1  pM  nMChlA−1  min−1 on day 5 to 
96 pMnM−1ChlA min
−1 on day 13. Comparatively, reduc-
tion rates of 50 and 27 pMnM−1ChlA min
−1 are reported for 
assays conducted at the same cell and ferricyanide con-
centration but a light intensity of 90  μmol m−2 s−1 after 
2 and 14 days of culturing, respectively [19]. An average 
ferricyanide reduction rate of 15 pM nM−1ChlA min
−1 (con-
verted from 0.9mM mM−1ChlA h
−1 ) is reported using 30% 
of the cell concentration used in this study and a light 
intensity of 80 μmol m−2 s−1 [27]. It should be noted that 
normalising ferricyanide reduction rates by chlorophyll 
a content has two key issues that make direct compari-
sons difficult. First, there is an inherent assumption that 
the photosynthetic light reactions limit the overall reduc-
tion reaction. However, when the reaction is kinetically 
limited, it is known that the kinetics of electron transport 
to the cell surface are the bottleneck [7]. The conditions 
in this study are such that mass transfer is limiting, add-
ing further complexity. Second, chlorophyll a content 
can change significantly with media and light conditions. 
Even if the same cell concentration is used for each ferri-
cyanide assay, the chlorophyll a content per cell may dif-
fer from day to day, resulting in misleading comparisons. 
In example, the reduction rate normalised by cell number 
in Fig. 3 shows a clear increase from day 17 to day 21 for 
Fig. 3 Ferricyanide reduction rates. Error bars show ± 1 SEM. To 
assess significance of the pairwise difference in rates, a one-tailed 
Student’s t test at 5% significance level was conducted, with 
alternative hypothesis that reduction rates are higher for the 
continuously diluted cultures. Significant p values are asterisked 
(above bars)
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the control cells; however, the reduction rate appears not 
to change within experimental error when normalised by 
chlorophyll a. This is because there is an increase in the 
chlorophyll a content per cell during this time (see chlo-
rophyll a profile in Fig. S8, Additional file 1).
Mass transfer coefficient (k)
Equation  4 (see Methods) was used to evaluate the 
mass transfer coefficients using the projected cell 
lengths reported in Fig.  2a and parameters shown in 
Table 1. For the diffusivity of ferricyanide, the average 
value from three studies, 7.504 · 10−10 , 7.36 · 10−10 and 
7.26 · 10−10 m2 s−1 at 31.2 °C, 30.3 °C and 25 °C, respec-
tively, was used [34–36]. This is to account for tem-
perature fluctuations during the ferricyanide assays, 
particularly temperature drops as the incubator was 
opened to the 20 °C ambient room temperature to take 
aliquots, and temperature overshoots above set-point 
when the incubator was closed. It was assumed that the 
BG11 medium has the same viscosity and density as 
pure water because salt concentrations are dilute.
It was demonstrated that cells in continuously diluted 
cultures remained roughly the same length through-
out the experiment, while cells in the control culture 
elongated upon entry into the decline phase. Analo-
gously, k in the continuously diluted cultures remained 
relatively constant, fluctuating about an average, while 
Fig. 4 Profiles of mass transfer properties. a Mean mass transfer coefficient. Error bars are calculated by combining errors using error propagation 
equations. b Mean geometric cell surface area. For a and b, the red trend lines are to guide the eye and are not regression models. The black 
trend line and black dotted lines show the average value of the properties ± 1 SEM, respectively, over the duration of the experiment for the cells 
in continuously diluted culture. Fluctuations about this average are attributed to batch-to-batch error in cell length measurements. c Mean cell 
surface-to-volume ratio. Area and surface-to-volume ratios for each day were predicted from the regression curves in Fig. 2c, d, respectively, using 
the length data in Fig. 2a. Error bars show the difference between the predictions obtained from the regression curves and the 95% confidence 
bounds. d Estimated mean ferricyanide concentration difference between bulk medium and cell surface. Error bars are calculated by combining 
errors in r, k and A using error propagation equations. Both black and red trend lines are to guide the eye and are not regression models
Table 1 Parameters used to  evaluate mass transfer 
coefficient
Parameter Unit Value References
DAB (at 25–31 °C) m2 s−1 7.44 10−10 [34–36]
ρp kg m−3 1040 [48]
ρc (at  30 °C) kg m−3 995.65 [49]
g m  s−2 9.80665 [42]
µC (at 30 °C) kg m−1 s−1 7.9735 10−4 [49]
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the control cultures experienced a −20.5% reduction 
in k (Fig. 4a) as cells elongated by 28.6% over the same 
period (Fig. 2a).
Cell surface area (A) and surface‑to‑volume ratio
The cell area profiles over the duration of the experiment 
are shown in Fig.  4b. Mean geometric cell surface area 
for the continuously diluted cultures fluctuates about an 
average of 14 ± 0.84 μm2 over the duration of the experi-
ment. The fluctuations are due to batch-to-batch error 
in measurements of cell length. On average, the control 
cells experienced a 34% increase in geometric surface 
area over the duration of the experiment as the cells elon-
gated over time. Control cultures experienced a marginal 
decrease in the mean surface-to-volume ratio (−  4.8% ) 
over the duration of the experiment (Fig.  4c). However, 
the decrease cannot be said to be significant within 
experimental uncertainty.
Estimation of mediator concentration difference 
between bulk medium and cell surface ([Fe3+]b − [Fe3+]s)
Once the reduction rates, mass transfer coefficient and 
geometric surface area were known, the average ferricya-
nide concentration differences between the bulk medium 
and the cell surface were evaluated using Eq. 1 (Fig. 4d). 
This is an important metric since concentration gradi-
ents are the driving force for diffusion. It was expected 
that since the reduction reaction is mass transfer limited, 
the value of [Fe3+]s should be zero at all times, resulting 
in a value of ([Fe3+]b − [Fe3+]s) that remains largely con-
stant over time for both growth conditions. The observed 
increase in ([Fe3+]b − [Fe3+]s) for the continuously 
diluted cultures from day 5 to 13 was, therefore, surpris-
ing. A similarly unexpected rise in ([Fe3+]b − [Fe3+]s) 
was observed for the control cultures. Estimated 
([Fe3+]b − [Fe
3+]s) values were correlated with the cells’ 
morphological properties, namely cell length, width, geo-
metric surface area, and surface-to-volume ratio, as well 
as a theoretical media iron concentration profile (see 
Figs. S9 and S10, Additional file  1 for correlation plots 
and calculated iron concentration profile, respectively). 
No strong correlations to the morphological properties 
were seen in either the control or continuously diluted 
cultures. A strong negative correlation to the iron con-
centration was seen for both growth conditions.
Quantifying the effect of morphological changes on EET rates
With all variables in Eq.  1 known, the effect of changes 
in L, the characteristic morphological dimension, on 
EET rates was quantified. Given no correlations were 
found between morphology-dependent properties and 
([Fe3+]b − [Fe
3+]s) , it was concluded that changes in L 
affect reduction rates predominantly through k and A. 
Increasing L has two opposing effects on ferricyanide 
reduction rates. That is, cell elongation increases A but 
decreases k (Eqs. 4 and 5 in Methods). The chain rule can 
be used to decouple these two opposing effects on the 
ferricyanide reduction rate as shown in Eq. 2.
Equation 2 was evaluated using the parameters in Table 1 
and the dimension data obtained for cells in the control 
culture as presented above, for a unit mediator concen-
tration difference between the bulk medium and cell 
surface, 
(
[Fe3+]b − [Fe
3+]s
)
= 1 mol m−3. Results of this 
calculation (Fig. 5a, b) indicate that the rate of increase of 
A with cell length is substantially greater than the rate of 
decrease of k with cell length.
The fractional difference (  ) in k, A and 
([Fe3+]b − [Fe
3+]s) between the continuously diluted 
and control cultures were compared with the cor-
responding fractional differences in r (Fig.  6a). 
In addition, the fractional difference in the prod-
uct of k and A, the morphology-dependent proper-
ties, were compared to 
(
[Fe3+]b − [Fe
3+]s
)
 and 
r (Fig.  6b). The fractional differences are related by 
(1+�r) = (1+�k) · (1+�A) · (1+�
(
[Fe3+]b − [Fe
3+]s
)
). 
Figure 6a, b enables visualisation of how changes in mor-
phology (manifested as k and A ) are affecting mass 
transfer properties, and the resultant magnitude of these 
changes relative to the deviation in the EET rate.
To have a single quantitative measure of the effect 
of morphological changes on EET rates, the morphol-
ogy effect ratio (MER) was defined. It is the ratio of 
the absolute value of �(k · A) to the absolute value of 

(
[Fe3+]b − [Fe
3+]s
)
 , transformed by the sigmoid func-
tion (Eq.  3). Transformation by the sigmoid function is 
done to constrict the value of MER between 0.5 and 1 for 
convenience and simpler interpretation of results. With-
out this transformation, MER values would be incon-
veniently high for very small 
∣
∣
(
[Fe3+]b − [Fe
3+]s
)∣
∣ . An 
MER value of ∼0.7311 (ratio of absolute values equals 
1) signifies that morphological changes and unknown 
physiological/metabolic changes equally contribute to 
the observed change in EET rates. Values of MER greater 
than ∼0.7311 signify that morphological changes domi-
nate and vice versa for MER values below ∼0.7311.
(2)
∂r
∂L
=
(
∂r
∂k
·
∂k
∂L
)
+
(
∂r
∂A
·
∂A
∂L
)
=
[(
A ·
−2DAB
L2
)
+ (k · πD)
]
·
(
[Fe3+]b − [Fe
3+]s
)
.
(3)
MER = 1/
(
1+ exp
(
−
∣
∣�(k · A)
∣
∣
∣
∣�
(
[Fe3+]b − [Fe
3+]s
)∣
∣
))
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Figure 6c shows the MER concept applied to the results 
presented above. The MER was found to be above the 
0.7311 threshold on day 5, and then decline over time 
until day 17. There was a small increase in the MER on 
day 21.
Discussion
The morphological results resonate with the hypothesis 
that prokaryotic cells adapt cell shape predominantly to 
maximise intra- and extra-cellular diffusion of nutrients. 
The control culture cells in the exponential phase are 
thinner than cells in the continuously diluted cultures to 
increase their surface-to-volume ratio in a more nutri-
tionally limited environment. As nutrients are depleted 
further and the control cultures enter into decline, the 
cells elongate. Elongation increases the cells’ solution fac-
ing external surface area for enhanced diffusion with lit-
tle detriment to the surface-to-volume ratio. This avoids 
additional strain on membrane-bound nutrient trans-
porters. Synergistically, this increase in the solution fac-
ing surface area is beneficial to the rate of diffusion of 
ferricyanide and ferrocyanide to and from the cell sur-
face, respectively.
In this work, the applicability of the rod-shaped model 
was verified by comparing volumes calculated using the 
model, with volume measurements obtained using a 
Coulter counter. The values agreed within experimental 
uncertainty (see Fig. S11, Additional file  1), justifying 
the rod-shaped assumption. Particle counters using the 
Coulter principle are an established and accurate tech-
nology for rapidly obtaining information about cell size 
and volume. However, while particle volume readings 
output by such counters are independent of cell shape, 
the output particle diameters are typically the equivalent 
spherical diameter (ESD) [37]. The ESD is misrepresenta-
tive of the true length of the rod-shaped PCC7942 cells. 
Thus, confocal imaging with automated image processing 
is a superior alternative for obtaining cell dimension data 
for non-spherical cells.
Because the density difference between PCC7942 
cells and BG11 media is small (Table 1), the mass trans-
fer coefficient is predominantly determined by the first 
term on the right-hand side (RHS) of Eq.  4. For all val-
ues of k calculated, for both the control and continu-
ously diluted cultures, the value of the first term on the 
RHS of Eq.  4 has an order of magnitude of 10−4 , while 
the second term on the RHS is of the order 10−5 . Small 
variations or fluctuations in cell density, either above or 
below that of BG11, are, therefore, of negligible conse-
quence to the overall reduction reaction. It is the evolu-
tion of cell length that is of particular importance as it is 
the predominant determinant of changes in both k and A 
in Eq. 1.
Fig. 5 Derivative of r with respect to L. a Decoupled derivative showing rate of change in ferricyanide reduction rate as a result of changes in k(L) 
and A(L) for a unit mediator concentration difference between the bulk medium and cell surface, 
(
[Fe3+]b − [Fe
3+]s
)
= 1mol m−3.  b Derivative of 
ferricyanide reduction rate with respect to cell length
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Decoupling the derivative of r with respect to L showed 
that while the diffusional flux decreases as the cell elon-
gates (negative derivative of k with respect to L), the 
concomitant increase in the surface area available to 
flux (positive derivate of A with respect to L) more than 
compensates for the decline. Thus, the net result of cell 
elongation is an increase in reduction rates for a given 
value of ([Fe3+]b − [Fe3+]s) . This is an important finding 
because it provides an explanation to the hitherto unat-
tributed observation that PCC7942 ferricyanide reduc-
tion rates increase over time [19]. The results presented 
here suggest that this is partially due to increasing cell 
surface area as cells elongate in adaptation to the increas-
ingly nutrient-limited environment in the decline and 
stationary phases of growth.
The unexpected rise in ([Fe3+]b − [Fe3+]s) values with 
time suggests that the value of [Fe3+]s is a finite, non-
zero value that decreases with time (a constant ([Fe3+]b 
is used for all assays). One explanation for this is that fer-
ricyanide ions are being adsorbed and trapped on the cell 
surface during the ferricyanide assays [2]. The amount 
of trapped ferricyanide ions may be decreasing as the 
cells undergo physiological and metabolic adaptations 
to nutrient depletion in the growth media. In particular, 
the strong negative correlations in both cultures between 
([Fe3+]b − [Fe
3+]s) and the declining bioavailable iron 
concentration in the growth media suggests adapta-
tions aimed at increasing iron uptake capacity through 
a reductive mechanism [19]. In an attempt to assimilate 
the trapped ferricyanide ions, the cells may be redirect-
ing additional electrons to the surface, thereby reduc-
ing trapped ferricyanide to ferrocyanide, leading to a 
decrease in [Fe3+]s over time.
Interestingly, the theoretical bioavailable iron concen-
tration in the continuously diluted cultures flattens out 
by day 13, which coincides with a plateau in the estimated 
value of ([Fe3+]b − [Fe3+]s) . By this time, the media envi-
ronment in these cultures becomes pseudo-constant. 
Variations in the concentrations of nutrients in the BG11 
medium, as well as in light penetration, are kept to a 
minimum by the continuous dilution thus eliminating 
the need for further physiological or metabolic adapta-
tions. Contrarily, in the control, the gradual depletion of 
nutrients as well as reduced light penetration as a result 
Fig. 6 Quantitative analysis of morphological changes. a Fractional difference in each of the independent and dependent variables vs. control. b 
Fractional change in k · A , 
(
[Fe3+]b − [Fe
3+]s
)
 and r vs. control. The fractional change in k · A shows the resultant effect of changes in morphology 
and was calculated from the following relationship: (1+�(k · A)) = (1+�k) · (1+�A) . c Morphology effect ratio applied to the observed 
changes in EET rates between the nutritionally replete cells in the continuously diluted culture and the relatively nutrient limited cell in the control. 
The black dotted line at MER = 0.7311 is the value of MER when morphological and unknown physiological/metabolic effects on EET rates are 
equal
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of self-shading by the growing population density of cells 
necessitates ongoing adaptation to the changing environ-
ment. The observed increase in the chlorophyll a content 
per cell from day 17 onwards and a higher pH from day 
11 onwards were evidence of the evolving conditions (see 
Figs. S8 and S12, Additional file 1 for chlorophyll a and 
pH profiles). Additionally, dissolved oxygen measure-
ments may provide further insights into the changing 
physiology of the cells.
A second explanation for the unexpected rise in 
([Fe3+]b − [Fe
3+]s) is that there is a change in the zeta 
potential of the cells, which is a measure of the surface 
charge (in addition to a few layers of bound water) of the 
particles. The zeta potential of several species of cyano-
bacteria, namely Tetraselmis suecica, Chlorococum sp., 
Chlorella sp. XJ-445 and Desmodesmus bijugatus XJ-231 
has been reported to become less electronegative as cul-
tures transition from the exponential to the stationary 
phase [38, 39]. The zeta potential of the PCC7942 cells 
may be exhibiting similar behaviour. In the earlier days 
of growth, relatively high electronegativity of the cells 
may be repelling the negative ferricyanide ions as they 
approach the cell surface, thereby reducing the effective 
diffusivity of the ions. As the cells become less electron-
egative with time, repulsive forces are attenuated and fer-
ricyanide ions can reach the cell surface at a faster rate. 
There is some visual evidence of changing zeta potential 
in the control cells from the raw confocal images (see 
Figs. S2–S4, Additional file  1). The cells appear further 
away from each other on day 5 than on days 17 and 21 
suggesting stronger repulsive forces between cells on this 
day [38]. However, zeta potential measurement should be 
conducted to test this hypothesis in future work.
While both scenarios presented above point to on-
going physiological or metabolic adaptations, it is prob-
ably safe to assume that these do not occur over the short 
2-h timescale of the ferricyanide assays. This is because 
nutrient uptake is gradual and culture doubling times are 
at least 6 and up to 18 times longer. Therefore, the pro-
posed approach is still capable of extracting the contribu-
tion of morphological differences on EET rates within a 
2-h ferricyanide assay without significant influence from 
physiological changes.
The MER was defined and applied in this work. The 
MER shows that in the early exponential phase (day 5), 
the difference in EET rates between the nutritionally 
replete continuously diluted cultures and the relatively 
nutritionally limited control cultures is marginally domi-
nated by morphological differences. This is largely attrib-
utable to the greater external facing surface area of the 
wider continuously diluted cells during this time. As the 
control cells elongate, the difference in surface areas is 
reduced and by day 17, reversed. Although the gains in 
surface area are counteracted by a concomitant decline 
in mass transfer coefficient, the resultant effect is still an 
increase in k · A over time. As such, �(k · A) becomes 
smaller and physiologic or metabolic differences attrib-
utable to adaptations to the changing cell environment 
can be concluded to dominate the measured difference 
in EET capacity. This suggests that if additional measure-
ments such as transcriptional analysis or fluorescence 
yield were conducted on the cultures to compare differ-
ences in physiology or metabolism, conclusions should 
be made on measurements taken on days 9, 13 and/or 
17 only. On these days, there is a statistically significant 
departure in EET rates, and physiological/metabolic state 
differences likely domineer the measured difference in 
EET rates.
The MER is a simple ratio that provides researchers 
applying environmental conditioning to study the com-
plex EET pathways in cyanobacteria with a quantitative 
tool to discriminate between environmental conditions 
that may give insights into pathways, from environmental 
conditions that result in changes in EET rates by simply 
changing the cell morphology and the associated mass 
transfer properties.
More generally, the results presented here provide 
further support for engineering cyanobacteria cell mor-
phology, either through environmental conditioning 
or genetic means, for enhancing the performance of 
BPV systems. In particular, the finding that ferricyanide 
reduction rates increase with cell surface area over the 
growth cycle of the cultures should be investigated in 
BPV systems where suspended planktonic cells are used 
in the anodic chamber, and the electron transport to the 
anode is mediated by an endogenous or exogenous medi-
ator. Engineering cell shape to maximise surface area may 
concomitantly enhance the counter transfer of reduced 
mediator to the anode, thereby delaying the onset of 
mass transfer losses to higher current densities. It should 
be noted that in addition to mass transport losses, elec-
trochemical devices face various other losses such as 
activation and ohmic losses that would not be directly 
addressed by optimising cell morphology. As such, it is 
important to identify other key bottlenecks in the perfor-
mance of a system to achieve the maximum benefits of 
this approach. Additionally, further work should inves-
tigate engineering cell morphology to enhance mass 
transport and direct electron transfer in systems where 
biofilms are used in the anode. This may include match-
ing cell dimensions to electrode pore sizes and optimis-
ing cell shape to increase contact area between cells and 
the electrode surface.
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Conclusions
PCC7942 adapt cell morphology in accordance to their 
evolving external environment to maximise diffusional 
efficiency for nutrient uptake. These adaptations can be 
synergistic to optimal shapes for mediated and unmedi-
ated extracellular electron transport in BPV systems. 
In the case rod-shaped cells, wider or elongated cells 
were found to exhibit enhanced EET rates by increasing 
the solution facing geometric surface area available for 
the flux of the electron mediator. This important result 
reveals cell elongation and cell widening as potential 
strategies for enhancing EET rates in BPV systems cata-
lysed by rod-shaped cells and mediated by a non-lipid-
soluble exogenous mediator such as ferricyanide. More 
generally, engineering cyanobacteria morphology can 
be a strategy for improving the performance of BPV sys-
tems. The morphology effect ratio was defined and an 
algorithm for obtaining the necessary quantitative infor-
mation to evaluate the ratio delineated. The simple ratio 
provides researchers with an easy-to-interpret value 
denoting to what extent morphological changes may 
account for the observed variations in EET rates. It is 
envisioned the ratio will aid researchers identify the most 
insightful environmental stimuli and time periods during 
the bacterial growth cycle for probing EET pathways in 
cyanobacteria.
Methods
Cyanobacteria culturing conditions
A stock culture of the cyanobacterium Synechococcus 
elongatus sp. PCC7942 (Pasteur Culture Collection), 
PCC7942 henceforth, was grown in liquid blue-green 
medium (BG11) [40]. The stock culture was grown in air 
at room temperature (approximately 20  °C) with a shak-
ing speed of 120 rpm, under a 12-h light–dark cycle with 
a light intensity of 21.0± 0.3  μmol  m−2  s−1. The stock 
culture was allowed to reach the stationary phase before 
inoculating the experimental cultures.
Control cultures were started by re-suspending bio-
mass pellets obtained from the stock culture by rapid 
centrifugation ( 4000 × g for 10 minutes) in fresh BG11 
at an initial OD750 = 0.1 . The cultures were incu-
bated in air at 30  °C with a shaking speed of 120  rpm, 
under a continuous cool white light with an intensity 
of 24.8± 1.3 μmol m−2 s−1 for the first 3 days, followed 
by a 12:12 light–dark cycle for the rest of the experi-
ment. Faster growing PCC7942 cells were obtained by 
continuously diluting the culture. The periodic dilution 
with fresh media replenished nutrients in the culture 
and ensured high light penetration was maintained for 
faster growth. Continuously diluted cultures were started 
and incubated in the same way as the control but were 
periodically diluted to OD750 = 0.2 with fresh BG11 
medium once they grew to OD750 ≥ 0.4 . This is the early 
exponential phase of growth (the range OD750 = 0.2–
0.9 was observed to be the exponential phase of growth 
under the laboratory growth conditions applied).
All cultures were maintained in sterile conditions and 
axenic testing conducted on the stock culture prior to 
starting the experimental cultures.
Analytical techniques
Analytical measurements were conducted during the 
same time window each day.
Measuring chlorophyll a content using UV spectroscopy
1 ml aliquot of culture was centrifuged in 1.5 ml Eppen-
dorf tubes at 18,000 rcf for 10 min, after which 0.9 ml of 
the supernatant was removed. The pellet was resuspended 
in the remaining 0.1 ml supernatant and a volume of 0.9 
ml 99.8% methanol was added. The solution was left in 
the dark for at least 15 min before centrifugation at 18,000 
rcf for 5 min to obtain the chlorophyll extract (superna-
tant) that was analysed spectrophotometrically at 665 
nm using a Thermo Scientific Evolution 201 UV–Visible 
spectrophotometer. The absorbance measurements were 
converted to dry mass concentration using a chlorophyll a 
extinction factor of 12.9447 μg  ml−1 cm  A−1 [41].
Measuring cell concentration
Cell number (cells  ml−1) was estimated from optical 
density (OD) measurements (turbidity) at 750 nm using 
a Thermo Scientific Evolution 201 UV–Visible spec-
trophotometer. OD measurements are taken at 750  nm 
since this is outside the range of absorbance of pig-
ments (phycobilins, chlorophyll a and carotenoids) in the 
cyanobacterium. The OD750 readings were converted 
to cell number using standard curves calibrated by the 
authors over the growth cycle of the cyanobacterium. 
The spectrophotometer specific conversion factor was 
2.95 · 10−9  ml  cells−1  cm−1  A. Samples were diluted to 
ensure OD750 ≤ 0.8 to remain in the linear region of the 
standard curves, where the linear correlation between 
cell number and OD750 hold, and then modified with the 
dilution factor to obtain the final concentrations. A Beck-
man Coulter Z2 Particle Counter was used to obtain cell 
number for calibration of the standard curve. All read-
ings were adjusted with the background particle counts 
obtained using the pure diluent. In addition, the particle 
counter was used to obtain mean cell volumes.
Ferricyanide assay
Equation 1 is valid only when ferricyanide assays are con-
ducted in mass transfer limited conditions. Ferricyanide 
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reduction by Synechocystis sp. PCC6803 and Chlorella 
vulgaris is mass transfer limited at a ferricyanide con-
centration of 2.88  mM for cell concentrations above 
7.08 · 107 cells  ml−1 and above 2.4 · 107cells  ml−1, respec-
tively [2, 28]. It is assumed that ferricyanide reduction by 
PCC7942 cells is similarly mass transfer limited at cell 
concentrations in the order 107 cells  ml−1. To account for 
the uncertainty in applying the same threshold to a dif-
ferent cyanobacterium species, a higher PCC7942 cell 
concentration of 6.78 · 108  cells  ml−1 and a lower ferri-
cyanide concentration of 1 mM were used in this study to 
increase confidence that there were an excess of cells for a 
mass transport rather than a kinetically limited reaction.
Samples for ferricyanide assays were prepared by re-
suspending biomass pellets obtained by rapid centrifu-
gation from the culture of interest to OD750 = 2 (cell 
concentration of 6.78 · 108 ) in modified BG11 media 
lacking iron and redox active compounds (ammonium 
iron citrate, citric acid, and EDTNANa2 ). The medium 
was buffered to buffered to pH 7.0 using 10mM HEPES–
NaOH as this has been reported to be the optimum pH 
for ferricyanide reduction by PCC7942 cells [19]. The 
samples were held in 50  ml narrow mouth Erlenmeyer 
flasks and incubated at 30  °C with a shaking speed of 
120  rpm under continuous light with an intensity of 
24.8± 1.3 μmol m−2 s−1 throughout the assay. The shak-
ing speed ensured all cells were fully suspended in the 
media. Complete suspension of the cells is a requirement 
for Eq. 4 to be applicable (see Calculations). Before ferri-
cyanide solution was added, the samples were allowed to 
recover from the physical transfer and acclimatise to the 
new medium for 1 h, following which ferricyanide was 
added to the samples to a concentration of 1 mM, and a 
timer started. Aliquots of 1 ml were taken at the follow-
ing times using a syringe: 0, 10, 30 and 120 min. The ali-
quots were filtered through a 0.45-μm syringe filters to 
remove cyanobacterium cells, into spectrophotometry 
cuvettes. Absorbance of the filtrate was measured using 
a Thermo Scientific Evolution 201 UV–Visible spectro-
photometer. The absorbance readings were converted to 
molar concentration using an extinction coefficient of 
1.05204 mM−1 cm A−1 . Average [Fe(CN)6]3− reduction 
rate over the 120 min period was calculated as the slope 
of the concentration vs. time graph.
Confocal imagery and image processing
Aliquots of 0.1 ml were taken from cultures and left in 
the dark in 1.5-ml Eppendorf tubes for one hour to 
reduce cell division to a minimum [33]. Smaller aliquots 
of 10 μl were then taken from the dark-adapted cells 
and diluted to OD750 ≤ 0.5 where necessary by adding 
fresh BG11 media to ensure that cells were sufficiently 
dispersed for confocal imaging and image processing. 
The 10 μl aliquots were sterilely transferred to auto-
claved microscope slides and immobilised on BG11-agar 
medium. The BG11-agar media was prepared with the 
standard recipe, with the addition of 15  gL−1 of bacterio-
logical agar as a solidifying agent.
A Leica TCS-SP5 microscope was used for laser-scan-
ning confocal imaging. A 63× oil-immersion objective 
lens was used. Samples were excited at 633 nm with a 
HeNe laser at 50% power and autofluorescence recorded 
at 640–720 nm. The pinhole size was set to approximately 
77 μm and 512 × 512 pixel images were captured at 400 
Hz, averaging each scan frame 6 times to reduce noise 
while amplifying the fluorescence signal. The gain set-
ting was set to ensure that images were captured without 
exceeding pixel saturation. For each sample, a minimum 
of 5–9 independent images were taken from different 
fields of view to have a statistically significant number of 
cells.
Images were processed using a custom-built MAT-
LAB code. The algorithm binarises the images and then 
processes them using MATLAB’s regionprops function 
which superimposes an ellipse with the same normalised 
second central moment as the cell. The length and width 
of the cell were taken as the major and minor axis lengths 
of the ellipse, respectively. Pixel intensity thresholding 
and cut-off criteria, such as a minimum eccentricity or a 
maximum minor axis length, were used to avoid measur-
ing length of cells which were out of focus, overlapped or 
dividing.
Calculations
Estimation of mass transfer coefficient
The mass transfer coefficient for the transfer of fer-
ricyanide from the bulk liquid to the surface of the cell 
membrane was estimated from published mass transfer 
correlations. For small microorganisms (characteristic 
length 1 < dp < 600 μm) suspended in an agitated sys-
tem, Eq. 4 has been shown to be a good estimate of the 
mass transfer coefficient from the liquid phase to the 
microorganisms [42]:
where k is the mass transfer coefficient, dp is the char-
acteristic length of the particle (here, cell length, L), 
DAB is the diffusivity of A in B (here, of ferricyanide in 
cell medium), ρp and ρc are the particle (here, the cell) 
and continuous phase (here, BG11 medium) densities, 
respectively, µC is the viscosity of the continuous phase, 
and g is the gravitational constant. The applicability of 
Eq.  4 to this study has been checked by reviewing the 
range of variables in the original experimental data used 
(4)k =
2DAB
dp
+ 0.31 ·
[
D2AB | ρp − ρc | g
µc
]
1
3
,
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to fit the empirical equation [43]. Equation  4 was later 
confirmed to be valid for mass transfer to and from low-
density particles with densities that differ only marginally 
from that of the continuous phase, such as microorgan-
isms in media [44]. Importantly, the equation is fit using 
data from, and is valid for, free falling or free rising or 
suspended particles that are free to move under the influ-
ence of gravity in mixed vessels. As such, the second term 
on the right-hand side of Eq. 4 includes the gravitational 
term to take into account the free fall/rise of the micro-
organism by gravitational forces, while the first term on 
the right-hand side is due to molecular diffusion [42]. 
Researchers applying this method are encouraged to 
ensure the applicability of any mass transfer correlations 
used.
Stereological properties derived from projected dimensions
Stereological properties, namely geometric outer mem-
brane surface area and cell volume, were evaluated using 
a rod-shaped model of PCC7942. In a rod-shaped model, 
the cells are assumed to be cylinders with hemispheri-
cal caps [45, 46]. The geometric outer membrane surface 
area (A) and cell volume (V) are then described by Eqs. 5 
and 6, respectively, where L is cell length and D is the cell 
width [45, 46]. It should be noted that the actual surface 
area of the cells is likely to be higher due to folds on the 
cells’ membranes.
In cases where ferricyanide is thought to react at the 
plasma membrane, measured L and D values should be 
corrected to take into account the thickness of the peri-
plasmic space. This can be done by subtracting 2 × the 
thickness of the periplasmic space from each dimension. 
For Synechococcus sp., the thickness of the periplasmic 
space can be assumed to be roughly equivalent to the 
thickness of the peptidoglycan layer. The thickness of the 
peptidoglycan layer is 10 nm [47].
Statistical analysis
Both the control and continuously diluted cultures were 
grown in three independent replicates. Ferricyanide 
assays and confocal imaging were conducted for each 
replicate and means taken. For confocal image process-
ing, the weighted mean length and width of cells were 
calculated to take into account the different number of 
cells in each image. Student’s t tests at 5% significance 
levels were performed for statistical analysis.
(5)A =πD(L− D)+ πD2 = πDL
(6)
V =1/4 · πD2(L− D)+ 1/6 · πD3 = 1/4 · πD2(L− 1/3 · D)
Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1306 8-020-01788 -8.
Additional file 1. File containing the following additional information 
discussed in the main text: growth curves, chlorophyll a and pH profiles, 
sample raw confocal images, sample processed confocal image, cell 
length histograms, theoretical iron concentration profile, correlations 
between  ([Fe3+]b − [Fe3+]s) and morphological parameters and iron con-
centration, and a comparison of Coulter counter volume measurements 
and rod-shaped model evaluation of volume.
Acknowledgements
We thank Dr Aazraa Pankan for her valuable experimental advice and feed-
back. Symbols used in Fig. 1 are courtesy of the Integration and Application 
Network, University of Maryland Center for Environmental Science (ian.umces.
edu/symbols/).
Authors’ contributions
TIO and KY conceptualised the study and defined the methodology. TIO 
conducted the investigations, formal analysis, data curation, developed the 
image analysis software and wrote the original draft. KY reviewed and edited 
the manuscript. ACF and KY supervised the work, and provided laboratory 
facilities and resources. All authors read and approved the manuscript.
Funding
This work was supported by funding from Cambridge Africa, Cambridge Trust 
and Trinity-Henry Barlow Trust awarded to TIO, and from the British Council 
Newton Fund Prize (Grant Number RG95201) to ACF.
Availability of data and materials
The datasets during and/or analysed during the current study available from 
the corresponding author on reasonable request.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1 Department of Chemical Engineering and Biotechnology, University of Cam-
bridge, Phillipa Fawcett Drive, Cambridge CB3 0AS, UK. 2 Cambridge Center 
for Advanced Research and Education in Singapore (CARES), 1 Create Way, 
#05-05 CREATE Tower, Singapore 138602, Singapore. 
Received: 8 May 2020   Accepted: 13 August 2020
References
 1. Thorne R, Hu H, Schneider K, Bombelli P, Fisher A, Peter LM, et al. Porous 
ceramic anode materials for photo-microbial fuel cells. J Mater Chem. 
2011;21(44):18055–60.
 2. Thorne RJ, Hu H, Schneider K, Cameron PJ. Trapping of redox-mediators 
at the surface of Chlorella vulgaris leads to error in measurements of cell 
reducing power. Phys Chem Chem Phys. 2014;16(12):5810–6.
 3. Rosenbaum M, Schröder U, Scholz F. Utilizing the green alga Chla-
mydomonas reinhardtii for microbial electricity generation: a living solar 
cell. Appl Microbiol Biotechnol. 2005;68(6):753–6.
 4. Ryu W, Bai SJ, Park JS, Huang Z, Moseley J, Fabian T, et al. Direct extrac-
tion of photosynthetic electrons from single algal cells by nanoprobing 
system. Nano Lett. 2010;10(4):1137–43.
Page 14 of 14Okedi et al. Biotechnol Biofuels          (2020) 13:150 
 5. Anderson A, Laohavisit A, Blaby IK, Bombelli P, Howe CJ, Merchant SS, 
et al. Exploiting algal NADPH oxidase for biophotovoltaic energy. Plant 
Biotechnol J. 2016;14(1):22–8.
 6. Inglesby AE, Yunus K, Fisher AC. In situ fluorescence and electrochemical 
monitoring of a photosynthetic microbial fuel cell. Phys Chem Chem 
Phys. 2013;15(18):6903–11.
 7. Bombelli P, Bradley RW, Scott AM, Philips AJ, McCormick AJ, Cruz SM, et al. 
Quantitative analysis of the factors limiting solar power transduction by 
Synechocystis sp. PCC 6803 in biological photovoltaic devices. Energy 
Environ Sci. 2011;4(11):4690–8.
 8. Madiraju KS, Lyew D, Kok R, Raghavan V. Carbon neutral electricity pro-
duction by Synechocystis sp. PCC6803 in a microbial fuel cell. Bioresour 
Technol. 2012;110:214–8.
 9. Bradley RW, Bombelli P, Lea-Smith DJ, Howe CJ. Terminal oxidase mutants 
of the cyanobacterium Synechocystis sp. PCC 6803 show increased elec-
trogenic activity in biological photo-voltaic systems. Phys Chem Chem 
Phys. 2013;15(32):13611.
 10. McCormick AJ, Bombelli P, Lea-Smith DJ, Bradley RW, Scott AM, Fisher AC, 
et al. Hydrogen production through oxygenic photosynthesis using the 
cyanobacterium Synechocystis sp. PCC 6803 in a bio-photoelectrolysis cell 
(BPE) system. Energy Environ Sci. 2013;6(9):2682–90.
 11. Cereda A, Hitchcock A, Symes MD, Cronin L, Bibby TS, Jones AK. A Bioel-
ectrochemical approach to characterize extracellular electron transfer by 
Synechocystis sp PCC6803. PLoS ONE. 2014;9(3):e91484.
 12. Bombelli P, Müller T, Herling TW, Howe CJ, Knowles TPJ. A high power-
density, mediator-free, microfluidic biophotovoltaic device for Cyanobac-
terial cells. Adv Energy Mater. 2015;5(2):1401299.
 13. Zhang JZ, Bombelli P, Sokol KP, Fantuzzi A, Rutherford AW, Howe CJ, et al. 
Photoelectrochemistry of Photosystem II in Vitro vs in Vivo. J Am Chem 
Soc. 2017 jan;140(1):6–9.
 14. Saar KL, Bombelli P, Lea-Smith DJ, Call T, Aro EM, Müller T, et al. Enhancing 
power density of biophotovoltaics by decoupling storage and power 
delivery. Nat Energy. 2018;3(1):75–81.
 15. Saper G, Kallmann D, Conzuelo F, Zhao F, Tóth TN, Liveanu V, et al. Live 
cyanobacteria produce photocurrent and hydrogen using both the 
respiratory and photosynthetic systems. Nat Commun. 2018;9(1):1–9.
 16. Wenzel T, Härtter D, Bombelli P, Howe CJ, Steiner U. Porous translucent 
electrodes enhance current generation from photosynthetic biofilms. Nat 
Commun. 2018;9(1):1–9.
 17. Tsujimura S, Wadano A, Kano K, Ikeda T. Photosynthetic bioelectrochemi-
cal cell utilizing cyanobacteria and water-generating oxidase. Enzyme 
Microb Technol. 2001;29(4–5):225–31.
 18. Torimura M, Miki A, Wadano A, Kano K, Ikeda T. Electrochemical investiga-
tion of cyanobacteria Synechococcus sp. PCC7942-catalyzed photoreduc-
tion of exogenous quinones and photoelectrochemical oxidation of 
water. J Electroanal Chem. 2001;496(1–2):21–8.
 19. Gonzalez-Aravena AC, Yunus K, Zhang L, Norling B, Fisher AC. Tapping 
into cyanobacteria electron transfer for higher exoelectrogenic activity 
by imposing iron limited growth. RSC Adv. 2018;8(36):20263–74.
 20. McCormick AJ, Bombelli P, Bradley RW, Thorne R, Wenzel T, Howe CJ. 
Biophotovoltaics: Oxygenic photosynthetic organisms in the world of 
bioelectrochemical systems. Energy Environ Sci. 2015;8(4):1092–109.
 21. Tschörtner J, Lai B, Krömer JO. Biophotovoltaics: green power generation 
from sunlight and water. Front Microbiol. 2019;10(April):866.
 22. Singh SP, Montgomery BL. Determining cell shape: Adaptive regulation of 
cyanobacterial cellular differentiation and morphology. Trends Microbiol. 
2011;19(6):278–85.
 23. Montgomery BL. Light-dependent governance of cell shape dimensions 
in cyanobacteria. Front Microbiol. 2015;6(MAY):1–8.
 24. Young KD. The selective value of bacterial shape. Microbiol Mol Biol Rev. 
2006;70(3):660–703.
 25. Steinberger RE, Allen AR, Hansma HG, Holden PA. Elongation correlates 
with nutrient deprivation in Pseudomonas aeruginosa - Unsaturated 
biofilms. Microb Ecol. 2002;43(4):416–23.
 26. Craig TA, Crane FL, Prakash MC, Barr R. Trans-plasma membrane electron 
transport In Anacystis nidulans. Plant Sci Lett. 1984;35:11–7.
 27. Sekar N, Jain R, Yan Y, Ramasamy RP. Enhanced photo-bioelectrochemical 
energy conversion by genetically engineered cyanobacteria. Biotechnol 
Bioeng. 2016;113(3):675–9.
 28. Thorne RJ, Schneider K, Hu H, Cameron PJ. Iron reduction by the 
cyanobacterium Synechocystis sp. PCC 6803. Bioelectrochemistry. 
2015;105:103–9.
 29. Fogler HS. External diffusion effects on heterogenous reactions. 4th ed. 
Upper Saddle River: Prentice Hall; 2006. p. 757–812.
 30. Zwietering MH, Jongenburger I, Rombouts FM, Van’t Riet K. Modeling of 
the bacterial growth curve. Appl Environ Microbiol. 1990;56(6):1875–81.
 31. Yu J, Liberton M, Cliften PF, Head RD, Jacobs JM, Smith RD, et al. Synecho-
coccus elongatus UTEX 2973, a fast growing cyanobacterial chassis for 
biosynthesis using light and CO2. Sci Rep. 2015;5:8132.
 32. Mori T, Binder B, Johnson CH. Circadian gating of cell division in cyano-
bacteria growing with average doubling times of less than 24 hours. Proc 
Natl Acad Sci. 2002;93(19):10183–8.
 33. Martins BMC, Tooke AK, Thomas P, Locke JCW. Cell size control driven by 
the circadian clock and environment in cyanobacteria. Proc Natl Acad Sci. 
2018;115(48):E11415–24.
 34. Roffel B, van de Graaf JJ. The diffusion coefficient of ferricyanide ions in 
aqueous potassium chloride solutions with and without polyethylene 
oxide addition. J Chem Eng Data. 1977;22(3):300–2.
 35. Arvía AJ, Bazán JC, Carrozza JSW. The diffusion of ferro- and ferricyanide 
ions in aqueous potassium chloride solutions and in solutions containing 
carboxy-methylcellulose sodium salt. Electrochim Acta. 1968;13(1):81–90.
 36. Konopka SJ, McDuffie B. Diffusion coefficients of ferri- and ferrocyanide 
ions in aqueous media. Using twin-electrode thin-layer electrochemistry. 
Anal Chem. 1970;42(14):1741–6.
 37. Anon R. Basic concepts in particle characterization coulter principle short 
course. Brea: Beckman Coulter Inc.; 2014. p. 2–5.
 38. Danquah MK, Gladman B, Moheimani N, Forde GM. Microalgal growth 
characteristics and subsequent influence on dewatering efficiency. Chem 
Eng J. 2009;151(1–3):73–8.
 39. Xia L, Huang R, Li Y, Song S. The effect of growth phase on the surface 
properties of three oleaginous microalgae (Botryococcus sp FACGB-762, 
Chlorella sp XJ-445 and Desmodesmus bijugatus XJ-231). PLoS ONE. 
2017;12:10.
 40. Stanier RY, Kunisawa R, Mandel M, Cohen-Bazire G. Purification and prop-
erties of unicellular blue-green algae (Order Chroococcales). Bacteriol 
Rev. 1971;35(2):171–205.
 41. Ritchie RJ. Consistent sets of spectrophotometric chlorophyll equa-
tions for acetone, methanol and ethanol solvents. Photosynth Res. 
2006;89(1):27–41.
 42. Geankoplis CJ. Principles of unsteady-state and convective mass transfer. 
3rd ed. Upper Saddle River: Prentice-Hall International Inc.; 1993. p. 
450–1.
 43. Calderbank PH, Moo-Young MB. The continuous phase heat and mass-
transfer properties of dispersions. Chem Eng Sci. 1961;16(1–2):39–54.
 44. Calderbank PH, Jones SJR. Physical rate processes in industrial fermenta-
tion–Part III. Mass transfer from fluids to solid particles suspended in 
mixing vessels. Trans Instn Chem Engrs. 1961;39:363–8.
 45. Trueba FJ, Woldringh CL. Changes in cell diameter during the division 
cycle of Escherichia coli. J Bacteriol. 1980;142(3):869–78.
 46. Baldwin WW, Bankston PW. Measurement of live bacteria by Nomarski 
interference microscopy and stereologic methods as tested with macro-
scopic rod-shaped models. Appl Environ Microbiol. 1988;54(1):105–9.
 47. Woitzik D, Weckesser J, Jurgens UJ. Isolation and characterization of cell 
wall components of the unicellular Cyanobacterium synechococcus sp. 
PCC 6307. Microbiology. 2009;134(3):619–27.
 48. Reynolds CS, Oliver RL, Walsby AE. Cyanobacterial dominance: The role 
of buoyancy regulation in dynamic lake environments. New Zeal J Mar 
Freshw Res. 1987;21(3):379–90.
 49. Lemmon EW, McLinden MO, Friend DG. Thermophysical Properties of 
Fluid Systems. In: Linstrom PJ, Mallard WG, editors. NIST Chemistry Web-
Book, NIST Standard Reference Database. 69. Gaithersburg MD, 20899: 
National Institute of Standards and Technology.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
